Background/Aims: Noninvasive liver fibrosis evaluation was performed in patients with nonalcoholic fatty liver disease (NAFLD). We used a quantitative method based on the hepatic volume acquired from gadoxetate disodium-enhanced (Gd-EOB-DTPA-enhanced) magnetic resonance imaging (MRI) for diagnosing advanced fibrosis in patients with NAFLD. Methods: A total of 130 patients who were diagnosed with NAFLD and underwent Gd-EOB-DTPA-enhanced MRI were retrospectively included. Histological data were available for 118 patients. Hepatic volumetric parameters, including the left hepatic lobe to right hepatic lobe volume ratio (L/R ratio), were measured. The usefulness of the L/R ratio for diagnosing fibrosis ≥F3-4 and F4 was assessed using the area under the receiver operating characteristic (AUROC) curve. Multiple regression analysis was performed to identify variables (age, body mass index, serum fibrosis markers, and histological features) that were associated with the L/R ratio. Results: The L/R ratio demonstrated good performance in differentiating advanced fibrosis (AUROC, 0.80; 95% confidence interval, 0.72 to 0.88) from cirrhosis (AUROC, 0.87; 95% confidence interval, 0.75 to 0.99). Multiple regression analysis showed that only fibrosis was significantly associated with the L/R ratio (coefficient, 0.121; p<0.0001). Conclusions: The L/R ratio, which is not influenced by pathological parameters other than fibrosis, is useful for diagnosing cirrhosis in patients with NAFLD. (Gut Liver 2017;11:674-683) 
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are common causes of liver disease in not only Western countries, but also in many Asian countries. [1] [2] [3] The prevalence of suspected NAFLD has more than doubled over the past 20 years. 4 Similar to viral hepatitis, NASH, which is a subcategory of NAFLD, can progress to fibrosis, cirrhosis, and hepatocellular carcinoma. [5] [6] [7] In a systematic review, Argo et al. 8 showed that 38% of patients with NASH had progressive fibrosis over a mean follow-up period of 5.3 years. Angulo et al. 9 reported that NASH progressed to cirrhosis in 10.8% of patients over a mean follow-up period of 15.6 years. Furthermore, Ascha et al. 10 reported that 12.8% of NASH-cirrhotic patients developed hepatocellular carcinoma over a median follow-up period of 3.2 years. The gold standard for diagnosing fibrosis stage is biopsy; however, it is invasive and has drawbacks, such as sampling errors and intra-and inter-observer variabilities.
and detecting liver lesions. [16] [17] [18] Apart from conventional dynamic images, hepatobiliary phase images are also available in magnetic resonance imaging (MRI) with Gd-EOB-DTPA. In Japan, dynamic contrast-enhanced MRI is recommended as an important surveillance and diagnostic tool for hepatocellular carcinoma in patients with chronic liver disease or cirrhosis. 19 In fact, compared with multidetector computed tomography, Gd-EOB-DTPA-enhanced MRI is more useful for evaluating liver lesions; 20,21 thus, we have had more opportunities to use it. Kawamura et al. 22 reported that three-dimensional (3D)-MR images with Gd-EOB-DTPA in the hepatobiliary phase are useful for detecting advanced fibrosis in patients with NASH. They called 3D-MR images of the liver virtual MR laparoscopy and visually assessed them for irregularities of the liver surface, enlargement of the lateral segment, and atrophy of the right lobe. Ogura et al. 23 evaluated fibrosis and reported that the method by Kawamura et al. 22 was useful for evaluating liver fibrosis in patients with chronic hepatitis B and C viruses. However, this method is qualitative and subjective. In this study, we focused on quantifying the changes in liver volume (LV) due to atrophy of the right lobe or enlargement of the lateral segment from fibrosis using MR laparoscopy; we evaluated a novel quantitative method for diagnosing advanced fibrosis in patients with NAFLD using hepatic volume acquired from Gd-EOB-DTPAenhanced MRI.
MATERIALS AND METHODS
This retrospective study was approved by the Institutional Review Board of Toranomon Hospital (number: 1061), which waived the requirement for informed consent.
Study population
Consecutive patients who were diagnosed with NAFLD, including NASH, and who had undergone liver MRI with Gd-EOB-DTPA at our institution from October 2009 to March 2016 were included. The inclusion criteria were as follows: (1) history of daily alcohol intake <20 g/day; (2) negative for serum hepatitis C virus antibodies, hepatitis B surface antigen, antinuclear antibodies, and antimitochondrial antibodies, as determined by radioimmunoassay, enzyme-linked immunosorbent assay, or spot hybridization; (3) no underlying systemic autoimmune diseases, such as systemic lupus erythematosus and rheumatoid arthritis; (4) no underlying metabolic diseases, such as hemochromatosis, α-1-antitrypsin deficiency, and Wilson disease; (5) no prior history of liver resection; and (6) ongoing Gd-EOB-DTPA MRI within 1 year of histological examination (F0-4) or past diagnosis of fatty liver and the presence of liver nodularity and portal hypertension on MRI findings (F4). The inclusion criteria were fulfilled by 130 patients who underwent Gd-EOB-DTPA MRI. The current study included (1) patients who were suspected of NASH and needed screening for hepatocellular carcinoma before liver biopsy (n=128) and (2) those with NASH who were suspected of having lever lesions, as identified on ultrasonography (n=2).
Image acquisition for 3D-MRI
All patients were intravenously administered Gd-EOB-DTPA at a weight-based dose of 0.025 mmol/kg (0.1 mL/kg; maximum volume 10 mL), followed by 40 mL physiological saline; scanning in the hepatobiliary phase was performed 20 minutes after injecting Gd-EOB-DTPA. MRI was obtained with fat-saturated 3D T1-weighted gradient echo sequences using three systems: 1.5 T Magnetom Avanto (Siemens Healthcare, Erlangen, Germany); 1.5 T Excelart Vantage Power Plus (Toshiba Medical Systems, Tokyo, Japan); and 3.0 T Ingenia (Philips Healthcare, Best, The Netherlands). Sequence parameters were as follows: repetition time, 3.20 to 3.70 milliseconds; echo time, 1.30 to 1.46 milliseconds; slice thickness, 1.0 to 3.0 mm; matrix (frequency), 256 to 336; matrix (phase), 192 to 256; flip angle, 10° to 15°; band width, 450 to 783 Hz/pixel; parallel acceleration factor, 2 to 3; acquisition time, 17 to 25 seconds. 
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LV measurement using 3D-MRI
Using Ziostation 2 (Ziosoft, Tokyo, Japan), LV measurement was performed by an MRI technologist who was blinded to the histological data. Furthermore, 3D image reconstructions of the liver were rendered from enhanced MRI data in the hepatobiliary phase (Fig. 1) . On 3D images, various structures around the liver were manually marked and digitally removed. Care was taken to not exclude a part of the liver referring to axial, coronal, and sagittal liver images on a workstation. The intrahepatic vascular structures, such as portal veins and hepatic veins, were not included in LV because those structures were not enhanced in the hepatobiliary phase. Finally, the liver was extracted on the workstation, 22, 23 and hepatic volumes (total, right, and left)
were measured. In addition, the ratio of left to right hepatic lobe volumes (L/R ratio) was calculated (Fig. 1B ). Cantlie's line was used as the border between the right and left lobes of the liver and was drawn on the axial images so that the border line passed through the middle hepatic vein. The appearance of the 3D hepatic image is dependent on the pixel value threshold set. However, once the virtual hepatic 3D image has been reconstructed, the pixel value threshold does not influence hepatic volume measurement.
Calculation of estimated LV
To evaluate changes in LV with fibrosis progression, the ratio of the entire LV measured by MRI (MR-LV) to estimated LV (MR-LV/estimated LV), the ratio of the right hepatic lobe volume measured by MRI (MR-RLV) to estimated LV (MR-RLV/ estimated LV), and the ratio of the left hepatic lobe volume measured by MRI (MR-LLV) to estimated LV (MR-LLV/estimated LV) were calculated. Body weight that was recorded at MR examination was used for calculating estimated LV. Estimated LV (cm 3 ) was calculated according to the formula of Zhou et al., 24 12.90×weight (kg)+437.91.
Histological evaluation
An expert pathologist who was blinded to the results of imaging and fibrosis markers evaluated the liver biopsy sections. Histological assessment was performed on the basis of the description of the pathology committee of the NASH Clinical Research Network. 25 Steatosis was assessed visually on the basis of the percentage of hepatocytes affected and was graded as follows: 0 (<5%), 1 (mild, 5% to 33%), 2 (moderate, 34% to 66%), and 3 (severe, >66% 
Serum fibrosis markers
The aspartate aminotransferase to platelet ratio index (APRI) and BARD score were calculated to compare the diagnostic performance for fibrosis using volumetric parameters. The APRI score was calculated according to the following formula: APRI=aspartate aminotransferase (AST)/(AST upper limit of normal)×100/platelet count (10 9 /L). 26 The AST upper limit of normal was 33 IU/L. The BARD score comprised three variables as follows: body mass index (BMI) ≥28 kg/m 2 , 1 point; AST/ALT ratio ≥0.8, 2 points; presence of diabetes, 1 point. 27 
Statistical analysis
All analyses were performed using SPSS version 11.0.1 for Windows (SPSS Inc., Chicago, IL, USA) or Microsoft Excel 2013 (Microsoft Corp., Redmond, WA, USA). Associations between each hepatic volumetric parameter (MR-LV, MR-LV/estimated LV, MR-RLV/estimated LV, MR-LLV/estimated LV, and L/R ratios) and groups of different fibrosis stages were evaluated by Spearman rank correlation analysis. Receiver operating characteristic (ROC) analyses were performed to assess the diagnostic performance of the hepatic volumetric parameters and serum fibrosis markers as follows: (1) F0-2 versus F3-4 and (2) F0-3 versus F4. Sensitivity, specificity, accuracy, and area under the ROC (AUROC) were calculated; 95% confidence intervals (95% CI) were calculated for ROC analysis. AUROC values were considered excellent for 0.9 to 1.0, good for 0.8 to 0.9, moderate for 0.7 to 0.8, and poor for <0.7. Univariate and multiple regression analyses were performed to assess the influence of age, BMI, serum fibrosis markers, and histopathological parameters, including steatosis, ballooning, inflammation, fibrosis, and iron content, on the L/R ratio. A p-value of <0.05 was considered significant.
RESULTS
Of 130 patients, 118 were diagnosed with NAFLD on the basis of histological evaluation within a median interval of 6.5 days (interquartile range, 1 to 47 days) of Gd-EOB-DTPA MRI. The remaining 12 patients were clinically diagnosed with NASH cirrhosis, and all had esophageal varices. In this study population, liver MRI showed focal lesions (n=26), hepatocellular carcinoma (n=10), hemangioma (n=8), liver cyst (n=7), and focal nodular hyperplasia (n=1), all of which were <20 mm in diameter. All patients in this study were classified into Child-Pugh class A. The characteristics of the 130 patients are shown in Table 1 Table 1) .
The volumetric parameters of the different fibrosis stages are shown in Table 2 and Fig. 2 ; among these, the MR-RLV/ estimated LV, MR-LLV/estimated LV, and L/R ratios demonstrated significant correlations with the fibrosis stage (ρ=-0.376, p<0.0001; ρ=0.272, p=0.002; and ρ=0.693, p<0.0001; respectively). The L/R ratio was shown to increase as the severity of fibrosis progressed, with medians of 0.54, 0.57, 0.66, 0.75, and 1.04 for F0, F1, F2, F3, and F4, respectively. The fibrosis stage did not correlate significantly with other parameters, such as MR-LV and MR-LV/estimated LV ratio (ρ=-0.114, p=0.198 and ρ=-0.068, p=0.445) ( Table 2 ).
The diagnostic values of the hepatic volumetric parameters and serum fibrosis markers for advanced fibrosis (F3-4) and cirrhosis (F4) are shown in Table 3 and Fig. 3 . The MR-LLV/ estimated LV ratio for advanced liver fibrosis and cirrhosis had poor diagnostic performance (AUROC, 0.66 and 0.60, respectively). The MR-RLV/estimated LV ratio exhibited poor capability for the prediction of advanced fibrosis (AUROC, 0.68; 95% CI, 0.59 to 0.78) but good for the prediction of cirrhosis (AUROC, 0.80; 95% CI, 0.68 to 0.92). The L/R ratio demonstrated good capability for discriminating advanced fibrosis (AUROC, 0.80; 95% CI, 0.72 to 0.88) and cirrhosis (AUROC, 0.87; 95% CI, 0.75 to 0.99). The optimal cutoff values of the L/R ratio were 0.66 for ≥F3 and 0.82 for F4. The sensitivity and specificity of the L/R ratio for ≥F3 were 0.70 (95% CI, 0.57 to 0.82) and 0.78 (95% CI, 0.67 to 0.87), respectively, and for F4 were 0.86 (95% CI, 0.64 to 0.97) and 0.91 (95% CI, 0.84 to 0.96), respectively. APRI demonstrated good capability for discriminating advanced fibrosis (AUROC, 0.82; 95% CI, 0.74 to 0.89) and moderate capability for discriminating cirrhosis (AUROC, 0.77; 95% CI, 0.68 to 0.86). The BARD score exhibited moderate diagnostic performance for advanced liver fibrosis (AUROC, 0.75; 95% CI, 0.67 to 0.83) and cirrhosis (AUROC, 0.75; 95% CI, 0.66 to 0.85) ( Table 3) .
The L/R ratio was positively correlated with age (ρ=0.221, p=0.016), APRI (ρ=0.323, p<0.001), BARD score (ρ=0.237, p=0.001), ballooning (ρ=0.191, p=0.038), inflammation (ρ=0.324, p<0.001), and fibrosis (ρ=0.547, p<0.0001) ( Table 4) . On multiple regression analysis, only fibrosis was significantly associated with the L/R ratio (coefficient, 0.121; p<0.0001) ( Table 4) .
DISCUSSION
The relationships of various volumetric parameters of the liver with fibrosis progression were evaluated. Of these parameters, the L/R ratio increased with fibrosis progression and was not dependent on other histological features such as steatosis, ballooning, inflammation, and iron. Furthermore, the ratio was useful to diagnose cirrhosis in patients with NAFLD. Angulo 19 .62. In particular, the risk was high for cirrhosis. Based on their results, diagnosing cirrhosis was more important for understanding the long-term outcomes of patients with NAFLD. Therefore, our findings are important because the L/R ratio, which is not influenced by pathological parameters other than fibrosis, is useful for diagnosing cirrhosis in patients with NAFLD. Although the cause of enlargement of the lateral segment and atrophy of the right lobe in cirrhosis is unclear (differences in nutrition or hormones supplied to the lobes are thought to be among the pathophysiologic mechanisms), the phenomenon is well known. 28 Kawamura et al. 22 used 3D-MRI as virtual MR laparoscopy to visually assess the irregularities of the liver surface, enlargement of the lateral segment, and atrophy of the right lobe for diagnosing advanced fibrosis in patients with NASH. Their method demonstrated high sensitivity (100%), specificity (90%), positive predictive value (82%), and negative predictive value (100%). However, their method was qualitative and subjective. In addition, the differentiation between F3 and F4 was not assessed in their study. Ogura et al. 23 applied MR laparoscopy to patients with viral hepatitis B and C and confirmed the same hepatic morphological changes in patients with cirrhosis; however, they did not perform a quantitative assessment. 23 The objective and quantitative diagnosis of fibrosis progression was useful, and the present study adds new quantitative information regarding the diagnosis of cirrhosis with the use of the L/R ratio. Although the present method demonstrated a moderate diagnostic performance for ≥F3, it demonstrated a high diagnostic performance for F4 (cirrhosis). Therefore, a combination of visual assessment and the present quantitative method may be useful to diagnose advanced fibrosis (F3-4) and distinguish F4 from F3. This point requires further study. The MR-RLV/estimated LV ratio also exhibited good capability for diagnosing cirrhosis, whereas the MR-LLV/estimated LV ratio exhibited poor capability for cirrhosis; however, this ratio showed a significant positive correlation with the fibrosis stage. These ratios were inferior to the L/R ratio for the quantitative diagnosis of fibrosis because the L/R ratio used the ratio of the opposite hepatic morphological changes (enlargement of the left hepatic lobe and atrophy of the right hepatic lobe), which enhanced the diagnostic performance of the L/R ratio. Conversely, the opposite hepatic morphological changes may negate the influence of the entire hepatic volume in patients with advanced fibrosis. Such factors could make it difficult to assess the entire hepatic volume as fibrosis progresses.
Some fibrosis markers have been established for liver diseases. APRI is a simple serum fibrosis marker, and is widely available. APRI was originally developed as a hepatic fibrosis marker for patients with chronic hepatitis C. 26 However, the reproducibility of AST levels or platelet count measurement was questionable, and APRI had larger variability. [32] [33] [34] [35] [36] In the present study, the ability of APRI to diagnose F3-4 and F4 was similar to that reported in those studies (AUROC for severe fibrosis, 0.82; AUROC for cirrhosis, 0.77). The BARD score was also used as a simple serum fibrosis marker. 27 This score can be calculated using widely available parameters (BMI, AST/ALT ratio, and presence of diabetes). The utility of the score was investigated in patients with NAFLD (AUROC for severe fibrosis [F3-4], 0.67 to 0.81; AUROC for cirrhosis [F4], 0.62). 27, [37] [38] [39] The main limitation of the BARD score is that it is likely to exhibit high false positive results. 39 Patients with a BARD score of ≥2 are predicted to have severe fibrosis, if they have a BMI of ≥28 kg/m 2 and presence of diabetes despite having a normal level of AST/ALT ratio. 39 In the present study, in terms of diagnosing cirrhosis, low positive predictive value (0.29) was observed with the BARD score. Thus, results of the present study demonstrated that the L/R ratio could be more advantageous than APRI and BARD scores for diagnosing cirrhosis in patients with NAFLD, although the diagnostic performance of the L/R ratio was similar to that of APRI for severe fibrosis. Recently, the usefulness of elastography, including ultrasound elastography and MR elastography, for assessing liver fibrosis was reported. FibroScan is a typical method among the ultrasound elastography methods. Cassinotto et al. 40 reported that using FibroScan, liver stiffness was positively correlated with In multiple regression analysis, only fibrosis was significantly associated with the L/R ratio. BMI, body mass index; L/R ratio, ratio of left to right hepatic lobe volume; NAFLD, nonalcoholic fatty liver disease; APRI, aspartate aminotransferase to platelet ratio index. *Spearman rank correlation coefficient.
the fibrosis stage (ρ=0.67) and had good capability for diagnosing advanced fibrosis (AUROC, 0.86) and cirrhosis (AUROC, 0.87). However, liver stiffness measured with widely used M probe was overestimated in patients with large skin capsular distance. 41 An XL probe has been developed for such obese patients. 42 However, it is not widely available. In addition, our MR volumetric method was not affected by the subcutaneous fat, and the L/R ratio exhibited high diagnostic performance for cirrhosis similar to that of ultrasound elastography. Kim et al. 43 reported the use of MR elastography for fibrosis staging in patients with NASH, with an AUROC of 0.954 for detecting advanced fibrosis (F3-4) ; however, they did not evaluate the diagnosis of cirrhosis. In another study, Loomba et al. 44 showed that the AUROC for MR elastography discriminated advanced fibrosis (F3-4) from F0-2 and cirrhosis from F0-3 fibrosis (0.924 and 0.894, respectively). However, MR elastography has several limitations. The method cannot evaluate the stiffness of the whole liver. The technique estimates the stiffness from only a part of the liver. In addition, the left hepatic lobe is avoided in the measurement because of cardiac motion artifact. 45 Furthermore, MR elastography is not easy to perform on a routine basis because it requires special equipment and additional scan time. In contrast, by the present method, we could evaluate the volume data from the whole liver for the diagnosis of advanced fibrosis. In addition, although the volumetric method can be widely used without needing a highly specialized MRI machine, extra equipment, or expensive analysis software, it showed high diagnostic performance, particularly in cirrhosis (AUROC, 0.87), at the same level as MR elastography. Furthermore, the present method may be a practical adjunct to routine MRI enhanced by the contrast agent Gd-EOB-DTPA, which enables acquisition of both hepatobiliary phase and standard dynamic images to detect and characterize liver lesions. 20, 46, 47 This is important, because advanced fibrosis is an important risk factor for hepatocellular carcinoma, and hepatocellular carcinoma is a major cause of mortality in patients with NASH having advanced fibrosis. 48 The present study had several limitations. First, the method was not applicable for patients who underwent hepatectomy or those with a severe decrease in kidney function. Nevertheless, MRI with Gd-EOB-DTPA is repeatable and practical for patients with advanced age or those with liver dysfunction. No patient with severely impaired liver function was found in this study. The liver often shows low signal intensity in such patients on hepatobiliary phase imagery. However, although 3D construction by this method is more time consuming in these patients, it is not too difficult because complicated segmentation is not needed. The volumetric method generally requires less than 5 minutes for 3D reconstruction and analysis. Second, advanced cirrhosis or burnt-out NASH, in which the characteristic features of NASH were reported to disappear, was not assessed. 49 Further study is required to evaluate the applicability of the present method to these states. Third, in the present study, the MRI parameters varied because multivendor MRI equipment was used. A previous study showed that there was no significant difference between the MR-LV acquired using a 2-mm slice and the LVs acquired using 4-, 6-, and 8-mm slices, although the measurement method was not exactly the same as that used in the present study. 50 In another study of the brain, no significant difference was observed in the volume of the hippocampus using different thicknesses (1 to 5 mm). 51 Thus, in the present study, the slice thicknesses (1 to 3 mm) did not affect the LV measurements. In addition, the axial resolutions used in our preliminary study did not substantially interfere with the MR-LV ratio. Last, the study was a retrospective single-center study; therefore, the possibility of selection bias could not be avoided.
In conclusion, the L/R ratio was significantly correlated with fibrosis stage. In patients with NAFLD, although the L/R ratio exhibited capability similar to that of APRI for diagnosing advanced fibrosis, this parameter may be useful for diagnosing cirrhosis without histological features other than fibrosis. Furthermore, the method is widely available and does not require special equipment.
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